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The task of removing t h e  boundary l a y e r  by suc t ion  c o n s i s t s  

i n  producing, i n  p l ace  of t h e  ordinary flow w i t h  t h e  formatio-n 

o f  vo r t i ce s ,  another  kiiici of f lonr  i n  which t h e  v o r t i c e s  a r e  elim- 

ina t ed  by drawing small q u z n t i t i e s  of f l u id  from c e r t a i n  p o i n t s  

on t h e  sur face  i n t o  t h e  i n t e r i o r  of t h e  body. 

This idea is a n  outgrowth of t h e  boundary-layer theory and- 

i s  near ly  as o ld  as t h e  theory  i t s e l f .  Xien Professor  Prar,dtl 

made t h e  f irst  publ ic  amouncement in 1304, regarding h i s  bound- 

ary- layer  thzory,  h e  refcx-xti tc, an ex.?c;r5zmt he hadl made f o r  

conf inning h i s  t k e o r s t i c a l  c o n c l u s l o r ~ s ,  which experiment was 

based on t h e  suc t ion  pr i r ,c i>le .  I t  wads only at a much l a t e r  

date ,  however, that the hGpe of opening up new technica l  possi-  

b i l i t i e s  754th t h e  aid of suc t ion  furnished t h e  incent ive  t o  "I'OTB 

th..srough researches i n  t h i s  f i e i d .  These researches have been 

c a r r i e d  on s ince  1922 by J. Ackeret and A4 Betz i n  the  Gcttingen 

Aerodynamic Laboratory, and Ce.rie l e d  t o  some very good- r e s u l t s ,  

which, however, f o r  vayiou-s X G L S O ~ ~ S  it has h i t h e r t o  been i q o s s i -  

* "Versuche an,, e ine r  Icugel nit Cr~nz~ch ich tabssugung ,  I' from 
" Z e i t s c h r i f t  f u r  Flugtechnik UilCl ~ ~ ~ o t o r l u f t s c h i f f a h r t , "  Septem'ger 
14, 1925, pp. 366-372. 
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b l e  t o  publ ish.* 

The experiments 7 : J i t h  a spncre, ~li!.ch c o n s t i t u t e  t h e  subjec t  

of t h i s  report ,  wzre mridt i  ca.rly :?.a <ii= : preser,t yea r  with appa- 

ratus which had been previously used. by kAckeretw 

I. Theore t ica l  Considerations 

In order t o  understand whz% is t o  f Q l l o v ,  it is  f i r s t  nec- 

e s sa ry  t o  consider c e r t a i n  a spec t s  of t h e  boundary-layer theory.** 

I t  is customary t o  designate as "boundary l aye r "  t h e  7 ~ s ~ a l -  

ly qui te  t h i n  l aye r  of f l i l id  along thc: su r face  of a. 13ody, i n  

vhich  the  v e l o c i t y ,  under the  in f lueme of v i s c o s i t y ,  i s  reduced 

froin i t s  f in11  vnlue t o  zero a t  t h e  ~val l  (F ig .  1). Outside of 

t h i s  Xeyer, t h e r e  p rcvz i l s  5he so-cztlled t t 2 0 t e n t i e l  f;-ow,Il i n  
r." which p r a c t i c a l l y  no v i s c o s i t y  e-i;:~.ct can bc tmcec2. This dual 

d- ivis ion of the stream i n t o  v i s m 1 . s  bo.cc-r_d-ary l a y e r  a.nd Eon- 
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rapid but constant  fac?ing a m y  of t h e  v i s c o s i t y  e f f e c t  f rog  t h e  

v r r l l  ou tmrd .  In  the  p o t e n t i a l  flow, as iiistinquished. from t h e  

p o i n t  r.;.ith i t s  vc loc i ty .  In  t h i s  connection P ( t h e  d e n s i t y  of 

the f lu id  i n  quest ion)  is t o  be  r e p r d e d  as constant ,  while t h e  

va lue  of k i s  t h e  sc?,il",e f o r  t h e  wko l .~  po tmt i a l ,  f l ow.  

Yi'ithin t k e  bouni;iP,zy Ialrer t ; l u  air can. f l m  a long  the  mll  

i n  aiootl? parallel layers,  i n  vli:.jh case t h c  bound.ary l a y e r  i s  

designated as 'tls,rina,r.ll T'liis -cm,rrc?,ilcl flow nay, homxer,  over-" 

lay mi i r r egLi lx r  v o r t i c a l  rnixed IIGw, i n  vhick; casc t h e  boundary 

l a y e r  is  c a l l e d  "turbu!.ent." T3e l a t t e r  fosm of flow usua l ly  

occurs  v.-he-;1 t h e  so-cal-led "Reynolds Number" of t h e  bomdary l a y e r  

i n  q-Jmtion, u = thg u-ndislxr1De.3 v e l o c i t y  at 

the e4ge of the boundary layer, E = t he  tfnickn.scs of t ke  bocnd- 

ayy laver znd 

%g ( i n  r h i c h  

u = the  ki l ie t ic  v i s c o s i t y  of tLe f l u i d ) ,  exceecs 

a c e r t a i n  c r i t i c 8 1  va lxe .  Belo9 %h5s Tmlue t h e  lanin%r floi-r is  

s t a b l e .  It may 'De add& ' ~ k ~ t ~  ill C G i c s  of FwinetTicai'y sini- 

lar shape, t h e  t r a n s i t i o n  Tron t h e  Jallzinar t o  the tu rbulen t  

i n  t h e  boundary layer i s  siriq)?Ly & f u w t i o n  of t h e  Reyno1.d~ %m- 

f l o w  
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laminar  flow, where the  impulses a r e  tr8nsrni"uted between parall 

l a y e r s  by t h e  f o r c e s  of v i s c o s i t y  a lone.  This f ac t  may be ex- 

plained by assuming that  t h e  "microscopic" mass and inpulse ex- 

change of t he  mixed flow is ac;Lc'Led t o  t he  riolecular o r  "micro- 

scopic"  m a E s  and impulse exchange of t h e  v i scos i ty .  This ex- 

p l a i n s  the f a c t  t ha t  t h e  v e l o c i t y  i n  the tur3ulent  boundary l a y e r  

i s  s t i l l  q u i t e  high near  t h e  v a l l  and f i n a l l y  Crops abrupt ly  t o  

zero,  i n  con t r ad i s t inc t ion  t o  the iarciinas bomdary  layer ,  i n  

which t k  ve loc i ty  &crease i s  xus3. more padual. 

, 

The boundary l zye r  o f t en  e;:?ergcs frorc i t s  " inv i s ib l e t1  s t a t e  

and suddenly prcciuces turbulent  rcgibns on t h e  rea.r s ide  of ob- 

j e c t s  ox behind sharp edges. These turbulent  regions push away 

t h e  smooth F o t s n t i a l  f l o v  f r o x  the surfaces  and cause the  mil- 

known phenomenon of separzt  ion o r  detachment * The turbulent  

regions are f i l l e d  v i t h  mch-re ta rded  and eddying and of ten  

backmrd-flowing a i r ,  which, as thi: Cis tance fron? t h e  obj  ect  in- 

c rezses ,  gradw.l ly  rcco6bines with the  outer  p o t e n t i a l  f l o w  by 

d i f f u s i o n  and f r i c t i o n .  It; ca-n also b e  es tab l i shed  that t h e  

region dmre  d e t a c h e n t  tnreatens is always whore tfne p o t e n t i a l  

flollv has been retarded.  

Since the  boundzry layer is the  cause of t3is detasiment, 

it hm also bezn ex2erimsntallp investiga5ed. Lot ion  p i c tu re s  

of  runGing mater Ehorv that ,  i n  t h e  f l r s t  nonen*;s of motion arou:id 

a cyllnclz-;, t h e r e  is  a. po ter i t i s l  f low, devoid of tlzr5ulence, 

which combices ori t h e  rear s i d e  of t h  cylir,der i n  R center  of 



dynaBic pressure ,  jus t  as i-2 seFr,rz.tes 6x1 She f r o n t  s ide.* It 

i s  then  sse3 t h a t ,  be'nind tile p lzce  cf rr::?xi.aum c y l i n d m  width 

and hence i n  t h e  region of retard-cd. flz:;l, n dis turbance  suddenly 

develops fron thhe bounclary l a y e r ,  v;hlch f i i l a l l y  transforms t h e  

whole f low i n t o  a region of t u r b u l e w s  o r  '!do,ad m t e r .  I1 

This d is turbence  is caused by tho, stoF?irg and t1.e partial 

r e t u r n  flo-3 of t h e  bouEdary-layer r?,atl=riai. That whick: t akes  

p l a c e  i n  t h e  boundary l a y e r  ct t n i s  i n s t a n t  is ,  -to a c e r t a i n  

d-egree, phys ica l ly  coxparab1.c 7 v i t h  t h e  motion of i% penduluci l e -  

tarded by f r i c t i o n ,  alnile t h e  po';ential flow correspmCs tcJ a 

f r i c t i o n l e s s  o r  i d e a l  -oenduluun. A pmdulurn can Se rel$C,Sed 

a i t h o u t  i n i t i a l  velosiC,y fror,i i t a  s t a r t i n g  a l t i t u d e  sild m i l l .  

move t o m r d  t h e  lowest m i n t  of i t s  path.  This corresponds t o  

the begirining of t h e  boun&ar;--la:?er flow a t  t h e  forward center  

of p ressure ,  i . e . ,  z t  ';he center  of maximum s - h t i c  3ressure 

wi tk  t h e  v e l o c i t y  zero. If tlze ?ei2d.ul-~n m r e  riot a f f e c t e d  by 

f r i c t i o n ,  it aould,  a t  t h i s  pol-nt, ha,vn_ zcqinired jus t  as nuch 

kir!et ic  energy as it ha& lost p o t e n t i a l  energy ( p o i n t  of 1i:aximurn 

condensation of t h e  s t r e a i l i n e s  2nd hence, acccrdiEg t o  Beraoul- 

x i ' s  law, t h e  p o i n t  of naxi i~~~rL1 pressure  fii tile poteritial- f l ow) .  

k t  t h e  expmse of thhe k i n e t i c  energy j T ; l s %  acquired,  t h e  pcn&i- 

lum could then  rega in  i t E  cri;i.r-zl a l t i t ude  a t  t h e  opposi te  em3 

of i t s  -oath,  r;rhich it would reaxh at  exac t ly  zero v e l o c i t y  (cor-  

responding t o  coinplete m g a i a i c g  of t h e  p I: essur e in t h e  p o t e n t i a l  

.- f ~ o w  a t  t1;e expense of v e l c c i t y )  . ---- This  process changes, ----2- I:ovm?er 
* Tie t j ens ,  1925 Yearbook of t h e  W.G.L., p. 190 f f .  Ses  z . 1 ~ 0  
"Kinctogrephic Flow P ic tu re s , "  by Prandt l  and T ie t  j ens, EuJl- G - J x -  

. Technical Xe;nora,ndun KO* 364. 
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when the  pendulum is retarded by f r i c t i o n .  Since some of i t s  en- 

ergy is l o s t ,  it can not yeach i t s  o r i g i n a l  a l t i t u d e ,  bxt s tops  

s h o r t  of it and thus l o s e s  p o t e n t i a l  energy. 

I n  ? lace of the  tangential. f o r c e  components i n  tke  pendulum, 

t h e  boundary l a y e r  b s  the  pressure  course which, on account of 

i t s  thinness ,  i s  im?ressed upoil it bp the  outer  p o t e n t i a l  flow. 

Thus it is  comprehensible that, a f t e r  t h e  f irst  mornents of f l o w  

- alo:ip; a. surface,  boundary-layer Eat e r i a l  may suclde-nly accuriulate 

a , t  any point  of t he  pressure  increase,  m a y  push out i n t o  t h e  PO- 

t e n t i a l  f low ~ v i - t h  part ial  -,.et;lr.il f l 9 a  and' may combine with por- 

t i o n s  of the  l a t t e r  i n  v o r t i c a l  for:m, f r o a  which the  tur%ulent  

region be5icd t h e  bcd-y i s  evolved. 

The po r t ion  of %he 5mr!dary layer i n  ccntact  v i t h  t h e  w a l l  

i s  s o  yreakly retard-cd. that we migh-'; erpect t he  reversion and d o  

tachxent of th;: f 1 0 ~  50 bas in  here sinult3.neousi.y w i t h  t h e  set-  

% i n 3  In o:T the pressure increasc.  Many sleEder objec ts ,  however, 

show no res1 f Z c m  detachment ill t h e i r  res ion of pressure in- 

c rezse ,  bu t  only a g ren t  ;-e';a.rda-t;ion and extension of t h e  bound- 

a r y  13ycr, which nay,. noreover,  produce a cbange, even though 

s l i g h t ,  i n  the  con:bined f l o v ,  as corn-pared w i t h  t he  p w e  p o t e n t i a l  

f l o w .  The reason t h e  detackment does nc t  occur i n  such cases, is 

t h e  previously nentioaed X s t e r a l - h p l s e  t r a n m i s s i o n ,  which i s  

small f o r  a 1.arnins.r bom.d.ary layer, but ma;r b e  q u i t e  i a r g e  f o r  

a turbulent  l a y e r ,  and ind-fcates P towtng e f f ec t  opposed t o  t h e  

s lackening of t h e  bc;undary-lsyer f low.  This towing e f f ec t  i s  

a l s o  connected :vith t h e  often-observed f a c t  khat t h e  detachment 



of t h e  f low from bodies a-oove t h e  c r i t i c a l  reglon begins farther 

back than below t k e  cy i - t ica l  regLon  (?5gs.  2 - 3 ) .  

I n  such disnger9i-x regZons of yi's3:3cre increase,  the  removal 

of  Soundary-layer Za-beria-L by svcctsion ser -~es  t 3  prevent excess- 

i v e  5hickening of t h e  boua2er.y l s y e r  2nd thereby the de tac-bent  

of t3e f l o w  a t  this poin t .  

t i o n  Teg ion  is  not s u f f i c i e n t ,  b-~x-t sme;ral such strips must f o l -  

ZOVJ one another ,  o r  a, sur face  :mst be  used f r m  which the bound- 

ary la ; -er  is  con%i.nually rmcveii by suct ion.  Since the p re s su re  

relations round about a body ex;: very  closely connected with 

the course of t h e  outer  f l m ,  s7xct?.m i s  a l s o  a means f o r  influ- 

m c i n g  the fo rces  of pressure  ac-tjng on a body, incl-dding the 

l i f t  ( and izd-uceg- drag) and the pressure  r e s i s t a n c e  produced 

independently of thc: -Lift* 

symw,etry i n  t h e  f icw nbct~t  EL bs3-y mems z-n increase i n  the l i f t  

( includiing ineLuce$. dr%FI;, , a 6 . h f - 1 l ~ t ~ . ~ J x  of the turbulen t  region 

and a d imimt ion  of t h e  F res sc re  r e s i s t ance  prodv-ced by t h e  dis- 

placement of t h e  potential f2-ow. It is k n o m  that  t h e  pressure  

r e s i s t a n c e  i s  zero f o r  a p o t e n t i a l  f l o w  % - i t b u t  2urbulence. 

Ir, many chses a sing1.e aariow suc- 

S-r i y  -9rc2uction o r  increase of d%s- 

\ 

A f u r t h e r  y o s s i b i l i t y ,  afforciea by t h i s  suct ion,  i s  t h e  i m -  

provemmt of t h e  flow i n  elbows, diffusers,  etc.  Regarding t h i s  

p o i n t  t h e  reader  is r e fe r r ed  t o  an  a r t i c l e  on the  renove2 of t h e  

boundary l a y e r  by suc t ion ,  wnic'r, is now be ing  prepared by AcBeret 

and w i l l  be published i n  t h e  " Z e i t s c h r i f t  des 'irerciiies i5mtSc'l2T 

Ingcr'keure. 



%.A.  C o d =  Technical Memorandum KO. 388 8 

Regarding many dead-BTater f omat iom {e. g., on sharp bends 

and edges) t he  opinion n i g h t  be  hddi t%t t" 

straight-ahead f i o x  is  t?x na tu ra l  1'~x of f l w  r e s u l t i n g  from 

cietaclment and 

i n e r t i a ,  t h a t  it iias nothing t o  d~ lprit;h the b ~ ~ n s a r y  l a y e r  and 

coul?  not t he re fo re  b e  prevented by suction. This view is in- 

corr-ect .  &en i n  these  cases ,  t h e  f l u i d  forms no tur'mlerrt re- 

gioc a. t  t h e  very  f i rs t .  Eoth lcizds of flow aTe, i n  a cei.tcbL9 

sense,  ~ ~ h y s i c a l - l y  conceivzbls,  naiiely, t h e  one f r e e  frori "cr'ou- 

leilce sild t h e  one wi th  a dividir ,g m r f a c e  between t h e  Tluid at 

res$ 2nd t he  f l u i d  i n  motion. Ths production of such a divid- 

i n g  surface i s  Impossible, hom~ver ,  i n  the  a c c e l e r a t i o n  of t h e  

m a t t e r  from the conc'ition of z e s t ,  as demonstrated by the  con- 

s i d e r a t i o n  of t he  y ~ e s s u ~ e  r e h t i m s . "  

t h e  detachment i s  caused %y thc bo=l.~12a:jr laye:. 

Even 5;i t he se  cases, 

I rqo r t an t  a l s o  is the est:tu? Ls?x L:;  of $Le facts t n a t  t h e  

from a bo6y T r i t h  p rodmigant  frictional. x+c:Sfstmx3 o r  dr2-g is  

accoqxtnied by no dir.inutfoii of t h e  drag. 

A sphere WZLE t e s t e d  E S  an exam2le of t h e  e f f e c t  of t h e  suc- 

t io3, t'ne er;ecia,l aim B-siGg t o  diminish t h e  turbu1mTe wfL.- come?--_- 

* An acce? e r a t i o n  of t h e  f1xi.d- oi-ily on oile side of a divic-ing 
s u r f ? c e  w m i d  Eean that here, Ir- t he  f irst  i n s t a n t ,  a p r e s s w e  
decrease  Ap = A B P a.lon2 the  dzviding sur face ,  connected 
with t3s acce le ra t ion  would occur, v h i l e  t h i s  could 'no t  occur i n  
tile im.n.e2?i,o.te';_:\r adjoizi:??, umcce le ra t  ed reglono Pressurc iv- 
puLses wov-ld L ~ L S  a r i s e  atCwdr2 the  d iv id ing  sur face ,  which is  
phys i ca l ly  IxFossible. 

at 



quent ly  the  pressure rcsis t2nce.  How large, i n  the  c2se of $ 5 ~  

sphere,  t he  e f f e c t  of t h e  rnagnlt;cCs of t h e  tur'iulent area cBin 

be 02 t he  pressure S is tTibut icn ,  is  ~ L o ~ n . b y  th:: considerat icn 

of the s u b c r i t i c a l  and s - i p e r c r l t l c a l  f l o a c  aboui; t h e  sphere 

v i t h m t  suct ion ( F i T s .  2-3) , f o r  which the  p r e s ~ r e - ~ i s t r i b u t i o n  

c?ata are ava i l ab le  (F ig .  5 ) .  ihe cmp.ite5 purs p o t e n t i a l  f low,  

e s  it might be obtaiiiee- t19.>:cu.gh r e r f s c t  remo7;al of -the boundary 

l a y e r  by  suct ion,  i s  a&dr;d 2,s $he thLr!? case (FLg. 4 ) .  T3e 

t h r e e  pressure d l s t r i 3 u t i m a  8 ~ 2  I" , :~cr~tcc? by t h r e e  d i f f e r e n t  

m 

11. Ap;3aratus 



sphere and the  tubes as f n r  as the  v e r t i c n l  tube 

belance is connected w i t \  t h e  zforT:-arCi cen+er 3f -pressure by the  

wire W, rrhicb is  k q j t  5azt  lay & ~ ~ e t . ( & t  C .  SF a”c?;ached behi.nd 

t h e  sphere. The v e r t i c a l  tube R mid tn;: mtm tank ‘8g ( F i g .  

7 )  itre loca ted  outs ide t h e  a i r  stream. 

rr!ovaSle por t ion  of t h e  apparatus can swing fres;y during the  

veighing without i n t e r f e r i n g  w i t h  t he  suction. 

R. The Crag 

I t  is  agparent tbzt  the  

Inside of R t lwx is 8 ;Iltzrrow-xieshed sieTJe S,, .Crr?iOE e 

o b j e c t  i s  t o  s t r c i g h t e n  t h e  c?ir flow before i t  en ters  t he  f ixed  

tube  A ,  s iEce o therv ise  rtn op2osing f o r c e  would be  exert3d on 

t h e  suspend& por t ion  of thc a p x m ‘ t U S ,  thereby impairing the 

drag  aeasurement. It is  a l s o  important f o r  the planes of 

and V, and t h e  d i r ec t ion  of D t o  b e  v e r t i c a l ,  l e s t  liI”$ir_g - 
f o r c e s  on tk?e sphere axxi s t rec3l ined  txbe I.ikemise cause an er- 

ror i n  the  drag. 

t h e  pressure on $he q ? e r  end of h, zesdl t ing  from the d i f f e r -  

ence between t C =  L n t e r x l  a.n& exterm?. preq,suI;es. 

k907re a l l ,  such an  ex-o.r n igh t  be  cawed by 

.I. Fig. 8 skews t he  sv.ctic;n mparat-as  ins ide  t h e  sphere, LO- 

gether  v i t h  t h e  dirgensions. The sphere v;as turned out of wood 

and polished. In t h e  f i r s t  experiaents ,  a p l a i n  woven-wire 

s i e v e  ;:as used as the  suirfzce f o r  t ke  suct ion region and. subse- 
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sbonn here is the  one used i n  'the experiments of previous :wrs.  

Since,  c 2 t  that t i o e ,  tke foremcs$ ~ t f ' i p  w~.,s found t o  be super- 

f l uous  (a t  l e a s t  f o r  t he  supsrcsZti.cal region with its poin t  of 

detachiient far t o  t he  T G ~ T ) ,  t h i s  strip m s  schsequently closed 

by a strip of ordinary tiri. Fc_zrthermore, the o ther  fndiviciual 

s t r ips  were yeplaced by a s ing le  sphe r i ca l  cap, on vliich suc t ion  

r i n g s  and uncovered regions could be arranged by pas t ing  t h i n  

paper - 
Inside t h e  sphere t h e r e  vias a device for measuring t h e  neg- 

a t i v e  pressure nro2uced by the  suction. This  device consisted 

of a s r n a l l  brass tube, w i t h  l a t e r a l  pe r fo ra t ions ,  whose opon rear 

end terminated in s ide  the tube T ?f the  suction pipe (F ig .  6 ) .  

The rubber rge2.suTing tube, t he re  loca ted ,  was of course reqoved 

dur ing  the  weighi9g. 

The quant i ty  of air f lowing  througb the tube A. was deter-  

mined from the f a l l  i n  pressExe, according t o  BernouLli 's  law, 

by means of t h e  Venturi tube at 19 (Fig.  E ) .  A wire-gauze 

s i eve  o r  strainer S1 'bad .to be placed ir-  f r o n t  of the  Venturi 

tube,  i n  order t o  produce a uniform ve loc i ty  d i s t r i b u t i o n l  A 

honeycomb current  r e c t i f i e r  H, also had. t o  be inser ted between 

the  Venturi tube and t h e  c e n t z i f u p l  fan, s i a c e  the l a t t e r ,  in  

t h e  r e q u i s i t e  s t rongly  53rott1ed condition, caused r o t a t i n g  air 

cur ren t s  t o  f l o w  t o  the  measuring poin t  and thus increased the 

pressure  reading a t  t h e  circuiiference of t he  tube. 



7.2 

111. Ex;?eriinents and Results 

As already rrentioned, t h e  q;a.r:tity and t h e  nega t ive  pres- 

sure of the renoved a i r  an2 a l s o  t h e  r e s i s t ance  mere determined 

by xeasurment .  It is knom that t h e  r e s i s t ance  measu-rments 

of t h e  sphere, even under ordinary coixlitim.s, o f f e r  g rea t  tech- 

Inical d i f f i c u l t i e s .  Things appc;a..ring a t  f i r s t  of t r i f l i n g  Impor- 

tance,  such as t h e  d e g e e  of turbulencc of t h e  wind, s l i g h t  super- 

ficial roughness znd t h e  rethhccl of sus-gension, sometimes g r e a t l y  

a f f e c t  t h e  course of t h e  flow, the Foint of detachment and t h e  

r e s i s t a n c e  o r  d x y .  Thcse d i f f i c u l t i e s  iire increased i n  the  

c a s e  of t he  sphere fron which t h e  bounciary l z y e r  i s  removed by 

suc t ion ,  where t h e  charaxtcr  of t h e  surface and the  s i ze  of t h e  

suspension devicc w e  d e t e m i n a i  by  ottcler con6i t ions.  

l a r  s t r ip  of t i n  ct t h e  cauator  ( t h e  region of g r e a t e s t  sengi t iv-  

The annu- 

i t y  t o  d i s t u r b i n g  inf luecces)  is, in th i s  reapcct,  somewhat 

quest ionable ,  as a l s o  t b e  coverfng w i t 5  paper, but they could n o t  

b e  avoided a t  f i r s t .  It is not  s u r p r i s i n g  the re fo re  that the re- 

s i s t a n c e  o r  d rag  vs lues  of our sphere, when no t  sub:ected t o  

suct ion,  a r e  not  exact ly  t h e  s m e  a t  d i f f e r e n t  times and that 

they  do not s n t i r e l y  zg:s\?c si t h  pr9vious r e s i s t ance  rneasurmiciits 

w i t h  spheres. 

The simultaneously gcas -usd  secondary r e s i s t ances  (wires 

and tubes i n  the a i r  stram) mere eliminated. by a u x i l i a r y  experi- 

ments. They can not be detemj.ned with absolu te  accuracy, be- 

cause the  flow behind the  sphere, wbere these  -parts itre mostly 



located,  d i f f e r s  f o r  every c2se. An a u x i l i a r y  exTerincnt was 

t r i e d  without suc t lon  with t h e  sphere suspended only as a screen 

before  the  parts ?ro2ucil?g tlis secondary res i s tances .  Another 

experkrent vas t r i e d  f o r  t h e  case w i t h  suct ion,  in  which the  

sphere tms rernovcd, thus leav ing  the  parts prcducing t’ne second- 

a r y  res i s tances  i n  the unimpeded a i r  stream. In  a p o t e n t i a l  

f l o w  xi thout  any turbulent  region the  second a u x i l i a r y  experirment 

a lone  vould have given 2.pproximately cor rec t  r e s u l t s .  The ac”;ual 

r e l a t i o n s  seem t o  be closely approximated by the  a r i t hme t i ca l  

ziem Setneen t h e  f irst  and second determinations of t h?  seemid- 

a r y  res i s tances  o r  drags. 

e r r o r  of about 

ca l cu la t ion  xethos.  

A:. es t imat ion indicated 2- yoss ib l e  

*5$ i n  t h e  r e s i s t ance  of t he  sphere by t h i s  

e 

The object  of t he  experirren-ts was t o  de te rn ine  the  g rea t e s t  

poss ib l e  r e s i s t ance  d.irflir_ution in  our experiment apparatus 

They vere  not t he re fo re  very Gystenztic.  I n  every case t h e  suc- 

t i o n  was as greet  i‘,s t h e  f sn  could proCuc~3, s ince  it was found 

that an increase i n  the  r e s i s t a x e  always accompanied any diiiii- 

nu t ion  i n  the  suct ion.  The e f f e c t  of t’ne suct ion is  therefore  

always a*3-?mxixit t c l y ,  though not  exact ly ,  the  sarce. The rcanner 

of presenta t ion  of t h e  r e s u l t s  i n  F i g s .  10-11 w a s  necess i ta ted  

by t h i s  method of e,xperimentation. Regrzrding the  wind ve loc i ty  

XiL (d =: d i w e t z r  v and the  corresponding Fleynolds ??umber R = 

of sphere) f o r  every kind of uncovering, t he re  c r e  here  p lo t t ed :  

cmo, t he  drag coe f f i c i en t  of the  sphere without sucf ion;  cw, 

f3 
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t h e  b e s t  cocff i c i e n t  obtained by suct ion;  and the  nondimensional 

c o e f f i c i e n t s  x and z, from which the  Ptrength of t h e  suct ion 

can b e c s l  cula-t ccl e 

The q u m t i t y  of a i r  sucked away p e r  second is  determined 

from x, 
, Q = x v F  

2nd t he  suc t ion  strcngtb from z :  

P d“ TT L = z - v3 F, i n  which F = - 2 4 -  

xF can  be  conceived as a. surface whic’n gives an op-tic?l 

p re sen ta t ion  of the  quan t i ty  of a i r  removed by suct ion.  Within 

a cyl inder  cons i s t ing  of s t reamlines  a-nd having a cross  sec t lon  

xF, 
s e c t i o n a l  arec2 is, in our cxperi:iieiits, 1-75 of t h e  t o t a l  cross- 

sectional.  a r e a  F ) .  

La = qpa 

a l l  the  air  dram ir, flomrs toim.rd t he  sphere ( t h i s  cross- 

vras  tclccn as tyie f o r c e  of tlie suc t ion  (pFU = the  

negat ive pressure  insidc! t h e  sphere).  

only the  force  required t o  draw tke  air i n t o  the sphere. Tho 

f o r c e  required t o  remove the  cir  f ron  the  sphere depends on the  

The force  thus def ined is  

arrangement and is not  here taken i n t o  accoucnt. 

The r e s u l t s  show considcrable  2iizzinution in the  drag, w3ich 

i s  espec ia l ly  not iceable  i n  the  medium v e l o c i t i e s .  An equal 

d r a g  diminution, with corresponding suc t ion  e f f ec t s ,  can natur- 

a l l y  be expected f o r  higher ve loc i t i e s .  Our small fan i s  aot  

powerful enough here. The increase i n  the drag at loa veloci-  

t i e s ,  iii the  s u b c r i t i c a l  region of our sphere, has another  cause 
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( t h e  c r i t i c a l  Raynoids  Number of o n  sphere is about 200,000). 

The previously mc-n-::irxied cl.esil?_g of t h e  equa to r i a l  suc t ion  s t r i p  

probably prociAsw an  unfavorable e f f e c t  here.  Even before  t h e  

s u c t i o n  beg lm,  t h e  potent ia l .  X'low i n  t h e  s u b c r i t i c a l  case be- 

ccries detached, near  t h e  equator (F ig .  Z), and what must now be 

drawn i n  add i t iona l ly ,  i n  order  t o  r e s t o r e  the p o t e n t i a l  flow, 

i s  not only t h e  boundary-la,yer material, bu t  a l a r g e  quan t i ty  

of previously free-flowing a i r  which, a f t e r  t h e  detachment, has 

become mixed with t h e  boundary l a y e r  i n  the  formation of vor- 

t i c e s .  The forward impulse of all these  q u a n t i t i e s  of  a i r  re- 

duced t o  zero v e l o c i t y  shows i n  the balance as drag. 

The suc t ion  q u a n t i t i e s  and fo rces  a r e  s t r i k i n g l y  l a rge ,  be- 

i ng  much l a r g e r  than rough t h e o r e t i c a l  ca l cu la t ions  would l ead  

us  t o  expect. This f a c t  can probably be explained by the char- 

a c t e r  of our experimsnta'l appamtus.  T l i i s  could not be changed, 

however, during the  p-esen t  s e r f e s  of experiments, s ince  such 

changes would ~ e c p i ~ e  cm3;.l?eryl?bl.e t in t :  and moileye The la rge  

q u a n t i t y  of a i r  withd-mwn by sdc-tion is  PiiGbabLy due t o  excessive 

superf l c i a l  roughness w i t h  r e l a t i o n  t o  t h e  thickness  of the  

boundary l aye r .  The la t tsr  i s  t h i n  (about 1. mm = 0104 i n - )  and 

the  p o r t i o n  sucked away i s  considerably th inne r -  

seems t o  desend on the smoQthness of t h e  body. The great nega- 

A grea t  dea l  

t i v e  pressure l requi red  t e  Q r G d ' a C E :  t he  suct ion,  i s  due t o  the  in- 

suf f ici.ent perviousness sf ';he sia-e, which ms o r i g i n a l l y  de- 

s igned f o r  small q u a n t i t i e s .  The experiments showed that i n  the 



cases  of small cw valucs, the  i c t e r n a l  negat ive pressure pso- 

duced by the s u c t i m  ms f x a  tv:o t o  six times the  dyna?nic pres- 
P s u r e  2 v 2 , -  whlle the  e x t e n a l  cegat ive pressure on the  por t ion  

of t he  sphere subjected t o  sirc-bi-cjn was between zero and 

A11 the r m a i n i n g  pressure i n  the  cases t e s t ed ,  hence 2 /3  t o  . 

11/12 of tke tdtal  pressure,  wzs required t o  overcgme tlne resist- 

P 0.7 2 v2. 

a,nce of the s ieve ,  vhich was a l l  the g r e a t e r  because the  entrance 

v e l o c i t i e s  through the  d i f f e r e n t  suc t ion  strips usua l ly  differed 

from one another .  It i s  obviov-s, 'nonever, that the  reduct icn 

of the quznt i ty  of a i r  sucked a m y  and %he increase i n  the e f f e c t  

of the  suct ion t o  t h a t  t h e o r e t i c a l l y  poss ib l e  is  indeed conceiv- 

able and t o  be expected, bu t  requires f u r t h e r  experimenta5ion. 

F i g s .  12-13 show t h e  diminution of t he  turbulemt region by 

t h e  aid of suct ion.  The smoke introdxced frorn the  rear shows 
-7, the extension of both tiir'xxlen?; reg iors ,  rig. 1 2  being obtained 

wi thou t  and Fig.  13 T L G t h .  s~?c?ct.j.c)n. Fig. 13 sh27s very  c l e a r l y  

h.ow unsta51-e t h e  -pober,tin:c flsnr, produced by t3.c w i s t i o n ,  can be. 

The Dortions of the  smcke, f n i s h  Pave passed f a r t h e r  amy froin 

t h e  sphere, l i e  considerably higher than the turbulent  region a t  

-the i n s t a n t  of i t s  incept ion on the  sphere. The turbuleii t  re- 

gion i s  therefore deflectsd during Yne preceding i n s t a n t  from 

above c?.omnma.rd_. Similar  oscillatioas were cons tan t ly  t raceeble  

even i n  measuring t'ne negatxve 2ressJ-res and the  q u a n t i t i e s  of 

a i r ,  es a l s o  i n  f ind ing  the  drage There were cases *.There s i ~ ~ u ~ - -  

taneous rneasurenients of the  draz and of the  negat ive pressure 
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sho7-:cd o s c i l l a t i o n s  bet::icen two e s s e n t i a l l y  d i f f  e r en t  s t a t e s  of 

f l o n ,  which took p l ace  a t  i n t e r v a l s  of severa l  seconds. T h i s  

ques t ion  of stability n a t u r a l l y  -oiays a more important r o l e  i n  

more technica l  plro'blms than it &oni tb hem.  

A s  a s o r t  of appmdix, ~e sill presen t  s t i l l  another  con- 

s idera , t ion,  nhich l ikewise  concerns a more t echn ica l  aspect  of 

the problem of reducing t h e  r e s i s t ance  OP d m d g  by aeens of suc- 

t i o n  and vhich is not t h e m f o r e  of g r e a t  importance for the  case 

of t h e  sphere, e spec ia l ly  .rritS the  values of z and x thus far  

obtained. 

F o r  judging t h e  voss ib l e  saving i n  energy, as will be Cemon- 

s t r a t e d ,  t h e  D o w e r  v i thout  suc t ion  is 

4 ~3 F Lo = %Q2 

not  simply cppos i t c  

but 

in which cvr f z - x 

i n  t h e  suct ion case. 

e lude the  c f f i c i m c y  

The tern z ( o r  

P 
L' =I (etv 4- z - x) 5 v3 F', 

is R, sort of e f f e o t i v e  coe f f i c i ex t  of drag 

i .~ori :wer ,  ne kz:ve i n  its place,  if ne in- 

q cf t h e  suc t ion  f m ,  

.1- 

.1 required f o r  sueking t h e  a i r  in-bo the spherea 13e other  tcm-  
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-x ( o r  - qx) is  a Li.tt;e k r d m  t o  understand, s ince  it  i s  in- 

volved with t h e  maimsr of rz:%o-:i~g t h e  air from t h e  in s ide  of 

t h e  sphere. I t  is r a r i f e s t  b h - t  the method of our experiElent, 

namely, t o  dra7;;r off the  3x1: laJGora21y cad perpendicular ly  t o  

t h e  d i r e c t i c n  of the wind, i s  not t echn ica l ly  the b e s t ,  v3en ne 

consider that any thrv-s t ing back of the a i r  toward the  rear w i l l  

always prod-we a forxrard thrust and is therefore  S e t t e r  than any 

o t h e r  method of removing t h e  a i r .  The -oroblea is simply as t o  

vhat  i s  the bes t  ve loc i ty  f o r  fo rc ixg  t h e  a i r  .t;oiw,rd- the  rear. 

This v e l o c i t y  is  denoted by- n v, i n  which n is  a coe f f i c i en t  

of u5knom va lue  a t  f i rs t .  An a c c e l e r a t i n g  force  of 

i s  required i n  order  t o  r a i s e  the v e l o c i t y  of a i r  i n  t h e  sphere 

f r o m  0 t o  t h i s  ve loc i ty .  

a nondimensional coe f f i c i en t  

This  f o r c e  tLerefore  corresponds t o  

c$ = rl2 x. 

According t o  t he  lam of ir-ipulsion, t h e  backmrd t h r u s t  produces 

a negat ive c o e f f i c i e n t  of $-rag 

hence a nondhens iona l  cocff icler,t 

e:;' = - 2 x 2. 

The b & t  e x i t  v e l o c i t y  n v 

va.lue of n is 

i s  the  one i n  which t h e  rninizum 
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x n2 - 2 x n, 111 - 
cw - c$ 4- Cmlf = 

t he  reduction of which gives  

n = 1. 

The a i r  i s  bes t  removed therefore  a t  i t s  entrance ve loc i ty .  

v was determined i n  our experiment mithout any backward-thrust 

c o e f f i c i e n t  m d ,  moreover, t h e  acce le ra t ion  force, as previously 

determined, was not  measured simultaneou.sly* The case of our 

experiment is  therefore  t h e  one with n = 0 and hence, cw = 0, 

while  cw - -  x corresponds t o  t h e  bes t  n = 1. We may there- 

f o r e  deduce t h i s  r a l u e  x from tbe  zeasured cw, i n  order  t o  

ob ta in  t h e  most favorable  case of the  e f f ec t ive  r e s i s t ance  o r  

drag.  This va lue  x ( t ak ing  in to  acccmnt the e f f i c i ency  of 

t h e  pump) f i n a l l y  becomes 

of the  minimum value f o r  

111 

I l l  - 

q x, as folf-ovs from the  r e p e t i t i o n  

ins tead  of the earlier value  x n2 - 2 x n. Moreover, t h e  bes t  

e x i t  ve loc i ty  is here q v instead of v. 

If th i s  r e s u l t  i s  agpl i sd  t o  t h e  experiniental vzlues ,  we 

9 ind that 

17x 2 c , + , -  

i n  t he  most favorable  cases,  is approximately of t he  same magni- 

tude as cxr0 fe.g: ,  f o r  v = 13 rn (43 f t . ) / s e c .  on Fig.  1lb: 

cwo = 1.3 and cIq + - q x = 1.32 v i t h  the  assuapt ion of 2 



'q = 0.75). 

a3ove-descsibcd suctlon condi t ions of our sphere and w i l l  b e  Im- 

psovcd along w i t h  t h e  experimental oa.lues f o r  

This agparent ly  r c t h e r  poor r e s u l t  i s  duo t o  the  

x and z. 

Translation by Dwight ? ! l o  Niner,  
3Tat ional > dvis o r y  Can:n i t1; e e 
f o r  Aeromutics .  



Figs.l,2 & 3 ‘ 

Fig.1 

Fig.2 Subcritical flom. 

Fi2.3 Supercritical ?low. 



. F i g . 4  T k o s e t i c a l  po te r , t i ? J  flov. 
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